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Abstract

Phenotypic diversity was assessed for quantitative and qualitative traits in a salt-tolerant subset of the
international safflower (Carthamus tinctorius L.) germplasm collection originating from 11 countries in three
regions (Central Asia, Southwest Asia and Africa) of the Middle East. Phenotypically, the germplasm,
among and within regions, was highly variable, especially for rosette- and yield-related traits. Frequency of
desirable variants of seven agronomically important traits ranged from 14% for long rosette period to 50%
for no or few spines. Level of population differentiation was high for number of capitula per plant (30%),
whereas most traits partitioned their diversity (82—-87%) within populations. Region-specific nonrandom
associations among sets of qualitative traits and the existence of broad morphological and phenotypic
diversity in this germplasm were supported by the large number of log-linear models needed to describe
qualitative trait associations, the high number of principal components needed to account for total varia-
bility, and the low discriminatory power of phenotypic traits among germplasm from regions and countries
in the Middle East. These results suggest that adaptation of the species to the wide spatial and temporal
variation in the Middle East resulted in a multitude of ecotypes and in enormous amount of local variation.
A multivariate selection criterion for high biological and seed yield, long rosette period and no or few spines
identified five accessions from Southwest Asia that can be introduced into subsistence farming systems as a
multipurpose crop under saline agriculture.

Introduction

Safflower (Carthamus tinctorius L.) is an annual
multipurpose crop of economic importance in a
few countries around the world, especially in a
band from the Mediterranean to the Pacific
Ocean at latitudes between 20°S and 40°N. In par-
ticular, it thrives under the hot, dry climate of the
Middle East (Knowles and Ashri 1995). Cultivated
safflower belongs to a group of closely related
diploids (2n = 2x = 24) that extends from central

Turkey in the west to north-western India in the
east (Li and Miindel 1996). The area delimited by
Turkistan, southern Turkey, western Iran, Iraq,
Syria, Jordan and Israel in the Middle East is the
center of origin and diversity of the species. The
crop was domesticated in the Middle East for its
dried flowers and as a dye plant and subsequently
very widely used, until recently, for this purpose in
the Mediterranean basin and the subtropics
(Harlan 1992). Safflower spread from this region
to China, India, Ethiopia, Sudan, North Africa
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and Europe, and by the early 19th century became
one of the most important plant sources of dye-
stuffs (Li and Miindel 1996).

Safflower developed considerable diversity after
it was taken into cultivation for a long time across
huge and diverse regions in the Old World, and
there is evidence of incipient genetic differentiation
(Knowles 1989). However, very little is known
about the level of phenotypic plasticity and its
relationship with genetic diversity in the cultivated
species in its center of origin (Khan et al. 2003).
Knowles (1969) coined the term ‘centers of similar-
ity’ for seven regions which are not centers of
diversity or origin, but of remarkably similar saf-
flower types. These are as follows: the Far East,
India—Pakistan, Middle East (Israel, Iran, Iraq,
Jordan, Syria and Turkey), Egypt, Sudan,
Ethiopia and Europe. Germplasm from the
Middle East is dominated by late maturing, spine-
less, tall, and red-flowered genotypes. Egyptian
germplasm was found to be variable in maturity,
with usually large heads, whereas the Sudanese
germplasm is early in maturity, very spiny and
yellow-flowered (Knowles 1969). Safflower dyes
were particularly important to the carpet-weaving
industries of the Middle East. Today domesticated
safflower is prized for its oil-bearing seeds and for
the yellow dye in its flowers. Moreover, safflower
can be grazed or stored as hay or silage. The forage
is palatable and its feed value and yields are similar
to or better than oats or alfalfa (Li and Miindel
1996).

Considerable efforts in germplasm collection
and evaluation culminated in assembling a large
germplasm collection at the USDA Regional
Plant Introduction Station, Pullman, WA, USA
(Johnson et al. 2001). This collection was charac-
terized and evaluated for many traits of agronomic
importance, including tolerance to salinity (Li et al.
1993). A salt-tolerant germplasm subset consisting
of 631 germplasm accessions from 11 countries in
the Middle East was acquired from the Western
Plant Introduction Station, Pullman, WA, USA
(NPGS 2000) for evaluation under the subtropical
growing conditions of the Persian Gulf, and to
select salt-tolerant accessions suitable for oil, dye
or forage production under subsistence farming
systems. The germplasm subset was evaluated for
morphological and agronomic traits under the sub-
tropical climate of the Persian Gulf to (1) quantify

the level of phenotypic variation and detect how
genetic variation is partitioned among and within
countries of origin, (2) identify germplasm with
high level of variation for key agronomic traits
and (3) select salt-tolerant accessions adapted to
short growing season, with long rosette period
and high potential for biomass, seed and dye
production.

Materials and methods

A field experiment was conducted during the 2001/
2002 growing season at the Experiment Station of
The International Center for Biosaline Agriculture,
Dubai, United Arab Emirates (25°13’N and
55°17’E). We planted 10 seeds from each of 631
accessions of safflower from 11 countries (referred
to hereafter as populations) across three geographi-
cal regions (Central Asia, Southwest Asia and
Africa) in the Middle East at a distance of 50 cm
between rows and seeds within rows (Table 1).
Characterization and evaluation data (Table 1)
were recorded on single plants during the growing
season and at harvest. Hull percent was estimated
using 50 random seeds per accession. Data for eight
quantitative traits of agronomic value were col-
lected on a minimum of five plants per accession
of only 591 accessions. Safflower descriptor list (Li
et al. 1993) was used to score eight qualitative traits
on a single representative plant from each
accession.

The mean and standard deviation (s.d.) calcu-
lated for eight quantitative traits (Table 1) were
used to categorize accessions into three discrete
classes (i.e., (low) < mean — 1.0 s.d., (medium) >
mean — 1.0 s.d. < mean + 1.0 s.d. and (high) >
mean + 1.0 s.d.) according to Zar (1996). The
polymorphic index (/), as described by Zhang and
Allard (1986), was calculated for geographic
regions, populations and all 16 traits from the rela-
tive phenotypic frequencies for each categorical
trait as — > p; In p; for i = 1, 2, 3, where p; is the
relative frequency in the ith category of the jth trait
(Yeh et al. 2000) and was used as a measure of
phenotypic diversity. Total (Ht), within popula-
tions (Hs) and among populations (Dgt) genetic
diversity, were calculated for geographical regions
and populations using frequencies of all categorical
data, then the genetic differentiation coefficient
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Table 1. Region and country of origin, number of samples, and categorical levels of eight quantitative and qualitative traits recorded on

591 accessions of safflower from 11 Middle Eastern countries.

Traits (number of categories)

Number of
Region Country accessions Quantitative Qualitative
Central Asia Afghanistan 21 1. Rosette period, days (RP) 1. Location of branches on stem
(1-short, 2-medium, 3-long) (LB) (1-upper third,
2-upper two-thirds,
3-from base to apex)
Iran 168 2. Days to maturity (DM) 2. Angle of branches (AB)
(1-early, 2-medium, 3-late) (1-appressed, 2-intermediate,
3-spreading)
Pakistan 100 3. Plant height, cm. (PH) 3. Leaf shape (LS) (1-Ovate,
(1-short, 2-intermediate, 3-tall) 2-lanceolate, 3-Oblong)
Subtotal 289 4. Capitalum diameter, mm. (CD) 4. Leaf margin (LM) (1-entire,
(1-small, 2-intermediate, 3-large) 2-serrate or dentate, 3-parted)
Southwest Asia Israel 33 5. Capitula per plant (CP) 5. Spininess (SP)(1-no or few spines,
(1-small, intermediate, 3-high) 2-intermediate, 3-many spines)
Jordan 8 6. Biological yield/plant, g. (BY) 6. Capitulum shape (CS) (1-conical,
(1-low, 2-intermediate, 3-high) 2-oval, 3-flattened)
Syria 18 7. Hull percent (HL%) 7. Corolla color (CC)(1-yellow,
(1-low, 2-intermediate, 3-high) 2-yellow-orange,
3-red—orange to red)
Turkey 127 8. Seed yield per plant, g. (SY) 8. Seed shape (SS) (1-oval,
(1-low, 2-intermediate, 3-high) 2-conical, 3-crescent)
Subtotal 186
Africa Egypt 72
Ethiopia 28
Morocco 8
Sudan 8
Subtotal 116
Middle East Total 591

(Gst) was calculated as Dgr/HT, then a genetic
distance among populations was calculated based
on frequencies of the eight categorical traits (Yeh
et al. 2000) and a squared Mahalanobis distance
(SM) among populations was calculated based on
eight quantitative traits (StatSoft  2001).
Quantitative data were standardized prior to sta-
tistical analyses using the nursery mean for each
trait (StatSoft 2001).

Variation among variants of each categorical
trait (e.g., short, medium and long rosette period)
for eight quantitative traits of agronomic value was
estimated via one-way analysis of variance
(ANOVA). Results of the mean separation are pre-
sented as number of pairwise significant differences
among variants of each categorical trait (minimum
of zero and maximum of 3).

The Kruskal-Wallis test (Zar 1996), a non-para-
metric alternative to one-way ANOVA when error

variance can not be estimated in a non-replicated
field experiment, and to test whether different
germplasm samples (from different regions or dif-
ferent populations within regions) were drawn
from the same distribution with the same median.
Additionally, it was used to identify categorical
traits that can significantly discriminate among
regions and populations. We used the principal
component analysis (PCA) on the standardized
means (Rohlf 2000) of the whole germplasm set
and separately on germplasm from each country
(i.e., population), as a linear dimensionality reduc-
tion technique to identify orthogonal directions of
maximum variance in the original data set and to
project the data into a lower (two dimensions)
dimensionality space formed of a subset
(two PCs) of the highest-variance components.
Correlations between the first two PCs and the
initial eight quantitative traits were calculated to
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Table 2. Polymorphic diversity indices (/, mean + standard deviation) and GD analyses (total diversity, Hr, diversity among regions or
among countries, Hs, and level of differentiation, Gst) based on 16 categorical traits scored on 591 accessions of safflower from 11

Middle Eastern countries.

Region Country 1 Ht Hg Gst
Central Asia Afghanistan 0.71 = 0.28 0.42 + 0.04 0.28 + 0.02 0.35
Iran 0.77 £ 0.26 0.44 + 0.03 0.36 + 0.02 0.18
Pakistan 0.73 £ 0.32 0.46 + 0.04 0.38 = 0.03 0.17
Subregion 0.80 + 0.28 0.45 + 0.03 0.41 + 0.03 0.08
Southwest Asia Israel 0.78 + 0.32 0.45 + 0.03 0.36 + 0.03 0.20
Jordan 0.61 £ 0.35 0.34 + 0.04 0.24 + 0.02 0.30
Syria 0.70 = 0.32 0.43 + 0.03 0.39 = 0.03 0.09
Turkey 0.75 £ 0.26 0.42 + 0.02 0.38 + 0.02 0.10
Subregion 0.78 + 0.28 0.45 + 0.03 0.42 = 0.03 0.07
Africa Egypt 0.75 £ 0.26 0.42 + 0.03 0.32 + 0.02 0.23
Ethiopia 0.72 + 0.30 0.41 + 0.03 0.34 + 0.02 0.17
Morocco 0.45 + 0.33 0.32 + 0.04 0.26 + 0.02 0.15
Sudan 0.56 = 0.25 0.45 + 0.06 0.35 = 0.03 0.14
Subregion 0.78 + 0.26 0.38 + 0.03 0.34 + 0.02 0.10
Middle East Region 0.81 = 0.27 0.46 + 0.03 0.42 + 0.02 0.21

aid in interpretation of the analysis. In order to
explore the structure of categorical variables in a
matrix of 11 populations and the desirable variants
of eight categorical traits of agronomic value, we
used a correspondence analysis as a dimensional
reduction and perceptual mapping statistical
procedure (Agresti 1990; Zar 1996). A two-dimen-
sional plot was developed where associations
among populations and levels of descriptive traits
can be identified.

Tests of the independence of pairs of categorical
data were performed using the standard two-way
chi-square tests. Discrete multivariate log-linear
analysis was used to quantitatively describe the
multitrait organization of phenotypic variation
(Agresti 1990) within the safflower germplasm col-
lection in the Middle East and in Central Asia,
Southwest Asia and Africa. A preliminary selection
of interaction terms was performed and a basic log-
linear model consisting of only significant interac-
tion terms was constructed. The likelihood ratio
statistics (G?) were then calculated for the
respective log-linear models and tested for the
goodness-of-fit of the models. Stepwise multivari-
ate discriminant analysis was used on the data
matrix of 16 categorical traits, 591 cases, 3 geogra-
phical regions and 11 populations to (1) select a
subset of traits that maximized differences among
populations from the three geographical regions,
and among populations from the 11 countries in
the Middle East and (2) verify the separation of

accessions into their respective populations.
Finally, and based on results of multivariate ana-
lyses procedures, we identified a subset of acces-
sions with high biomass and seed yield potential
(>mean + 1.965s.d.), and another subset with long
rosette period (>mean + 1.96 s.d.), then we com-
bined both subsets to identify accessions with mul-
tiple traits of agronomic value for biomass, seed
and dye production under subsistence farming sys-
tems. The Tukey HSD post hoc test was used to
determine the significant differences (P < 0.05)
among means of diversity indices (Table 3) and
means of squared Mahalanobis and genetic dis-
tances (Table 6). All statistical analyses were car-
ried out using several modules of STATISTICA
(StatSoft 2001), unless otherwise specified.

Results

A total of 48 categorical variants were scored on
the whole germplasm collection from 11 popula-
tions in three geographical regions of the Middle
East (Table 1). The overall polymorphic diversity
index calculated from frequencies of these variants
was 0.81, however, it was associated with a high
coefficient of variation (33%). The regional and
country-based polymorphic indices were highly
variable as indicated by their standard deviations
(Table 2), hence, there were no significant differ-
ences between the phenotypic diversity estimates



for the three geographical regions, or between
populations within or among regions. None of
the 16 trait was monomorphic and most showed
at least two relatively frequent phenotypic
variants.

Diversity analysis

Total diversity (Ht) based on frequencies of 16
categorical traits for the Middle East was estimated
as 0.46, whereas the average diversity within
regions (Hs) was 0.42, consequently, almost one-
fifth (Gst = 21%) of total variation was appor-
tioned among geographical regions. Populations
from Central and Southwest Asia had similar Ht
estimates, albeit a slightly lower Ggr, as compared
with populations from Africa. Although the poly-
morphic diversity index (/) was positively corre-
lated with Ht (r = 0.69, P < 0.32), and with Hg
(r = 0.59, P < 0.45), this positive relationship did
not influence its association (r = 0.06, P < 0.89)
with the level of population differentiation (Ggr).
Nevertheless, Hy and Hg were negatively, but not
significantly correlated with Ggr (r = — 0.22, P <
047 and r = —0.69, P < 0.07, respectively).
Consequently, variation in Hg alone, and in Hg
and Ht combined, accounted for a medium (R2 =
0.42), and a high (R? = 0.83) portion of variation in
Ggr, respectively. Ggt can be estimated as a func-
tion of Htand Hg as Gst = 0.208 + 1.92 Hy — 2.44
Hg (R? = 0.83). Gst estimates for individual popu-
lations ranged from a low of 0.09 for Syrian germ-
plasm, to a high of 0.35 for the Afghani germplasm.
However, almost 50% of the Gyt estimates were
within the 0.14-0.20 range.

The high phenotypic diversity indices for indivi-
dual traits (Table 3) suggest that this is a highly
polymorphic germplasm collection. Most phenoty-
pic diversity estimates were >0.8, and a few (e.g.,
capitulum diameter, spininess, corolla color and
branch angle) displayed extreme levels of phenoty-
pic diversity. Seven and 15 traits were powerful
enough to differentiate between populations from
geographical regions, and from different countries,
respectively, as indicated by the P-values of the
Kruskal-Wallis test (Table 3). The categorical
traits, leaf margin, spininess, biological yield and
seed yield were the most differentiating traits
among regions and population.
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Patterns of variation among variants of
qualitative traits

There were 59 (or 46%) pairwise significant differ-
ences among means of variants of 16 categorical
traits for eight traits of agronomic value (Table 3).
Categorical  traits with  highly significant
P-Kruskal-Wallis test among populations differ-
entiated more than others among populations.
Phenotypic variants of spininess, days to maturity,
capitulum diameter and shape were among the
most differentiating traits, whereas, hull percent,
corolla color and plant height variants were
amongst the least. Mean rosette period (17.9 days,
range from 10 to 27 days), with a phenotypic diver-
sity index of 0.84, differed significantly among var-
iants of seven categorical traits. On average it
represented 15% of the plant ontogeny, and was
positively correlated with days to maturity (r =
0.10, P < 0.05, n = 591). This relationship was
positive and highly significant in germplasm from
Pakistan (r = 0.35, P < 0.05), Israel (r = 0.46, P <
0.03) and Syria (r = 0.61, P < 0.01). Days to
maturity (mean 119.2 days, and a range from 108
to 139 days) differed significantly among variants
of 11 categorical traits and was positively and sig-
nificantly correlated (» = 0.21, P < 0.01, n = 591)
with plant height. Mean plant height (75.5 cm) was
significantly different among variants of eight cate-
gorical traits, and ranged from 28 to 135 cm.
Although there was a strong positive correlation
between plant height and seed yield per plant for
the whole germplasm collection (r = 0.63, P < 0.01,
n = 591), plant height was negatively and signifi-
cantly correlated with seed yield per plant (r =
—0.30, P < 0.05) in germplasm from Afghanistan.
The collection displayed a highly variable number
of capitula per plant (average 20.5, and range from
13 to 55) with significant differences detected
among variants of seven categorical traits.
Capitulum diameter averaged 20.9 mm, and ranged
from 10 to 33 mm. Significant differences in capi-
tulum diameter were found among variants of 11
categorical traits. Capitulum diameter was posi-
tively and significantly (P < 0.05) correlated with
rosette period (r = 0.20), days to maturity (r =
0.37) and plant height (+ = 0.32). However, it was
negatively and significantly (P < 0.05, n = 591)
correlated with number of capitula per plant (r =
—0.28), biological yield (r = —0.10) and seed yield
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(r = —0.12). Biological and seed yield per plant
averaged 63.6 and 29.3 g per plant, and ranged
from 38 to 130 and from 19 to 73 g, respectively
with significant differences among means of six
categorical traits. Finally, hull percent was the
least to vary among variants of categorical traits,
with a mean of 51.8%, and a range from 25% to
67%.

Phenotypic diversity in agronomic traits

Means and standard deviations of phenotypic
diversity indices (/) of seven agronomically impor-
tant traits, along with the level of differentiation
(Gst) and frequency of the desirable variant (f) of
these traits are presented in Table 4. Phenotypic
diversity indices, in decreasing order, were dis-
played by spininess (0.93 £+ 0.17), seed yield per
plant (0.85 £ 0.17), capitula per plant (0.81 =+
0.15), hull percent (0.79 + 0.18), rosette period
(0.72 + 0.20), biological yield per plant (0.65 +
0.26) and days to maturity (0.61 £ 0.32); the last
trait being the most, whereas the first was the least
variable, with coefficients of variation of 52.5%
and 18.3%, respectively.

Frequency of the desired variant for the same
traits ranged from a low of 13% for early maturity
to a high of 50% for “no or few spines”. Most traits
displayed high standard deviations, and conse-
quently high coefficients of variation in this germ-
plasm collection, however, the variant “no or few
spines” displayed the lowest (46%) coefficient of
variation across the germplasm collection.
Population differentiation (Gst) in the germplasm
collection was highest for number of capitula per
plant (30%) and seed yield per plant (27%); the
remaining traits displayed much lower (13-18%)
Ggr values.

Phenotypic diversity at the regional level

Apart from rosette period and, to some extent, hull
percent, regional estimates of the phenotypic diver-
sity indices for the eight agronomic traits did not
differ significantly from each other (Table 4).
Southwest Asian germplasm displayed high pheno-
typic diversity indices for rosette period (21%
above average), and for hull percent (14% above
average). Germplasm from Central Asia displayed
higher than average frequencies for the variants
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high seed yield per plant and high number of capi-
tula per plant, with populations from Afghanistan
having the highest frequencies (0.62 and 0.47,
respectively). Southwest Asian germplasm dis-
played higher than average frequencies for long
rosette period (28.6% higher than average), high
biological yield per plant (65% higher than aver-
age) and low hull percent (79% higher than aver-
age), with germplasm from Syria, and from Jordan
and Syria, exhibiting the highest frequencies for the
variants, respectively. Finally, germplasm from
Africa displayed above average frequencies for
the variants “no or a few spines” (38% above aver-
age), and “early maturity” (31% above average);
Ethiopian germplasm furnished the highest fre-
quencies for both variants.

Low levels of population differentiation (Gg) in
the germplasm from Central Asia were displayed
for days to maturity and hull percent (both 20%
lower than their respective average). Southwest
Asian germplasm displayed lower than average
Gt values for spininess (44% lower than average)
and days to maturity (20% lower than average).
African germplasm was the least differentiated for
rosette period (45% lower than average), biological
and seed yield (50% and 44%, lower than their
respective average), number of capitula per plant
(60% lower than average) and hull percent (27%
lower than average).

Phenotypic diversity at the population level

Germplasm from Iran and Syria displayed the
highest I estimates for rosette period, however,
Syrian germplasm displayed a high frequency
(33%) of the long rosette period variant. On the
other hand, Jordanian germplasm displayed the
highest level of differentiation (0.44), followed by
germplasm from Afghanistan (0.22) and Syria
(0.18). Phenotypic diversity indices for spininess
were high (>0.90) in seven countries, mostly in
Central and Southwest Asia. However, frequencies
of variants with no or few spines were highest
in populations from three African (Ethiopia,
Morocco and Sudan) and one Central Asian coun-
try (Pakistan). Nevertheless, the highest levels of
differentiation for this trait was found, in decreas-
ing order, in populations from Afghanistan (Gst =
0.41), Iran (0.29) and Jordan (0.24), as compared
with an overall average of 0.18. Phenotypic
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diversity index for days to maturity averaged 0.61
with a high standard deviation (0.32). It was mono-
morphic and highly polymorphic in Moroccan and
Pakistani germplasm, respectively. Above average
(>0.13) frequencies for early maturity, as a
desirable variant, were found in germplasm from
Ethiopia, Pakistan and Sudan, however, only
Ethiopian and Egyptian germplasm exhibited a
higher than average level of population differentia-
tion (Ggt = 0.25 and 0.22, respectively) for days to
maturity. Number of capitula per plant, as a major
seed yield component, displayed high polymorphic
diversity, especially in germplasm from Ethiopia,
Afghanistan, Syria and Pakistan. Frequency of the
variant “high number of capitula per plant aver-
aged 0.17 and ranged from 0.09 in populations
from each of Pakistan, Turkey and Egypt, to a
high of 0.47 in populations from Afghanistan.
The highest level of population differentiation for
this trait was found in germplasm from Israel
(Gst = 0.73), followed by Iran (Gsr = 0.39) and
Afghanistan (Ggr = 0.35). Biological and seed yield
per plant displayed medium (/ = 0.65) and high (/
= 0.85) phenotypic diversity indices, respectively,
with the Egyptian germplasm being highly poly-
morphic for both traits. Frequencies for high bio-
logical and seed yield per plant did not correspond
across countries, however, germplasm from Jordan
and Sudan displayed comparably high poly-
morphic indices for biological (0.63 and 0.66,
respectively) and seed yield (0.93 and 0.94, respec-
tively). Levels of population differentiation for bio-
logical yield were highest in germplasm from
Afghanistan (0.40), Jordan (0.28) and Israel
(0.23). Germplasm from Israel displayed the high-
est level of population differentiation for seed yield
per plant (0.49), followed by germplasm from
Afghanistan (0.40), and from Ethiopia (0.32).
Hull percentage was highly variable, with an aver-
age polymorphic index of 0.79 (range from 0.45 to
1.00). The germplasm from Jordan and Syria was
highly polymorphic for this trait, and the Syrian
germplasm exhibited the highest frequency (0.33)
for the low hull percent variant in this germplasm
collection, albeit with a very low level of popula-
tion differentiation (0.03). The highly polymorphic
germplasm from Jordan displayed above average
frequency (0.20) for the low hull percent and exhib-
ited the highest level of population differentiation
(0.33) for this trait.
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Figure 1. Principal components analysis plot for eight traits
(and their contribution) to total variation in PCI (right-side)
and PC2 (left-side) in a germplasm collection of safflower from
11 countries in the Middle East. Bold face figures are percent
total variation explained by traits in each of PC1 and PC2.

Multivariate structure based on quantitative
traits

Principal component analyses were used to provide
a reduced dimension model that would indicate
measured differences among germplasm collections
from different geographical regions. A minimum of
four principal components were necessary to
explain ~80.0% of total variation in the whole
germplasm collection and in germplasm from
each geographical region. The first and second
principal components (Figure 1) accounted for
26.03% and 16.88% of total variation in the
whole germplasm collection, respectively. Four
traits, in decreasing order (number of capitula per
plant, days to maturity, seed yield per plant and
capitulum diameter) explained 92% of total varia-
tion in PC1, whereas plant height, seed yield per
plant, capitula diameter and number of capitula
per plant, in decreasing order, explained 88% of
total variation in PC2. Hull percent, rosette period
and biological yield per plant, in increasing magni-
tude and as indicated by their eigenvectors, had the
lowest loadings on both PCs.

Accessions with a long rosette period tend to
have short (r = —0.08, P < 0.05), late maturing
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Figure 2. Principal components analysis plot for eight traits
(and their contribution) to total variation in PC1 (right-side)
and PC2 (left-side) in a germplasm collection of safflower from
three countries in Central Asia. Bold face figures are percent
total variation explained by traits in each of PC1 and PC2.

(r = 0.10, P < 0.05) plants with large capitulum
diameter (r = 0.20, P < 0.05) and relatively low
biological yield (r = —0.09, P < 0.05). Late matur-
ing accessions usually have tall plants (r = 0.21, P
< 0.05), with large capitulum diameter (r = 0.37, P
< 0.01) and lower number of capitula per plant (r =
—0.31, P < 0.01). Accessions with high biological
yield are characterized by short rosette period (r =
—0.09, P < 0.05), short days to maturity (r =
—0.15, P < 0.05) and small capitula (r = —0.10,
P < 0.05). Forty percent of variation in seed yield
was accounted for by variation in number of capi-
tula per plant (r = 0.64, P < 0.001), however, seed
yield was negatively impacted by longer days to
maturity (r = —0.23, P < 0.05) and by large capi-
tulum diameter (r = —0.12, P < 0.05).

Two principal components accounted for
44.36% of total variation in the germplasm collec-
tion from Central Asia (Figure 2). Capitula per
plant, days to maturity, capitulum diameter and
seed yield per plant, in decreasing order, explained
91% of variation in PC1, whereas seed yield per
plant, plant height, number of capitula per plant
and capitulum diameter, in decreasing order,
explained 84% of variation in PC2. Accessions
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Figure 3. Principal components analysis plot for eight traits
(and their contribution) to total variation in PCI (right-side)
and PC2 (left-side) in a germplasm collection of safflower from
four countries in Southwest Asia. Bold face figures are percent
total variation explained by traits in each of PC1 and PC2.

with high seed yield potential are characterized by
having a large number of capitula per plant (r =
0.68, P < 0.001), slightly taller plants (r =0.13, P <
0.05) and short days to maturity (r = —0.18, P <
0.05). A long rosette period is a characteristic of
accessions with short plants (r = —0.14, P < 0.05),
especially those with large capitulum diameter (r =
0.14, P < 0.05), however, such a long rosette period
adversely impacted biological yield (r = —0.12, P <
0.05).

A more diverse pattern of multivariate structure
was found in the germplasm from Southwest Asia
(Figure 3). Two principal components accounted
for 44.23% of total variation. Capitula per plant,
seed yield, days to maturity and capitulum dia-
meter, in decreasing order, explained 91% of var-
iation in PCI1, whereas biological yield, seed yield,
rosette period and plant height, in decreasing
order, explained 73% of variation in PC2. High
seed yield was associated with a large number of
capitula per plant (r = 0.64, P < 0.001), short
maturity period (r = —0.34, P < 0.01) and smaller
capitulum diameter (r = —0.20, P < 0.01), the latter
was also negatively correlated with number of capi-
tula per plant (r = —0.32, P < 0.01) and with hull
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Figure 4. Principal components analysis plot for eight traits
(and their contribution) to total variation in PC1 (right-side)
and PC2 (left-side) in a germplasm collection of safflower from
four countries in Africa. Bold face figures are percent total
variation explained by traits in each of PC1 and PC2.

percent (r = —0.16, P < 0.05). Positive correlations
were found among capitulum diameter and rosette
period (r = 0.26, P < 0.01), days to maturity (r =
0.40, P < 0.001) and plant height (r = 0.24, P <
0.01), however, late maturing accessions and acces-
sions with high biological yield tend to have smaller
number of capitula per plant (r = —0.41, P < 0.001
and r = —0.14, P < 0.05, respectively).

The African germplasm displayed a different
pattern of trait association (Figure 4), with capitula
per plant, plant height, seed yield and days to
maturity accounting for 44.48% of total variation.
Capituala per plant, seed yield per plant, capitulum
diameter and days to maturity, in decreasing order,
explained 77% of total variation in PC1, whereas,
plant height, days to maturity, seed yield per plant
and capitulum diameter, in decreasing order,
explained 92% of variation in PC2. Seed yield
was positively associated with number of capitula
per plant (r = 0.58, P < 0.01), biological yield (r =
0.32, P < 0.01), and negatively with rosette period
(r=-0.20, P < 0.05), days to maturity (r = —0.19,
P < 0.05) and capitulum diameter (r = —0.21, P <
0.05). In addition to its negative impact on seed
yield, a longer rosette period was positively corre-
lated with capitulum diameter (r = 0.32, P < 0.01),

235

however, a large number of capitula per plant tends
to shorten the rosette period (r = —0.24, P < 0.05).
Finally, late maturing accessions in the African
germplasm have tall plants (r = 0.25, P < 0.05),
with large capitulum diameter (r = 0.33, P < 0.01),
low biological yield (r = —0.32, P < 0.01) and low
number of capitula per plant (r = —0.31, P < 0.01).

Multivariate structure based on qualitative
traits

Test of independence of pairs of categorical traits
suggest that 35, of the 120 contingency chi-square
tests involving 16 categorical traits, are indepen-
dent (data not presented). Eleven of the 35 inde-
pendent associations involved the trait hull
percent, whereas rosette period was involved in
nine other independent associations. Non-random
associations among different groupings of nine
categorical traits are presented in Table 5 as log-
linear models for the whole collection, and for each
geographical region in the Middle East. Six differ-
ent log-linear models were developed for the whole
germplasm collection and included a maximum of
three-trait terms. A variable number of models and
trait combinations, including one-, two- and three-
trait terms, were developed for each geographical
region separately. Capitulum shape followed by
spininess and rosette period were the most interac-
tive qualitative traits, and were involved in 20, 19
and 15 trait combinations, respectively. The first
and second log-linear models involving three cate-
gorical traits with a three-term combination each,
were identical for populations from the Middle
East and Central Asia, however, two-term trait
combination models fit the data for populations
from Southwest Asia and Africa. The first model
involved rosette period, capitulum shape and spini-
ness, whereas the second involved rosette period,
days to maturity and capitulum shape. The third
log-linear model for the Middle East involved capi-
tulum shape, capiulum diameter and corolla color;
three two-trait terms fit the data for the whole
germplasm collection, however, two two-term
combinations fit the data for Central Asian popu-
lations, and one two-term combination and a single
trait model fit the data for Southwest Asian popu-
lations. Data for these traits did not fit any model
for the African germplasm. The fourth model
involved plant height, spininess and branch angle
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Table 5. Log-linear models based on categorical traits scored on safflower germplasm collection from 11 countries in the Middle East.

Log-linear Likelihood ratio

model Region Model terms statistic (G?) d.f. P

1 Middle East [RP x SP] [CS x RP] [CS x SP] 12.2 16 0.73
Central Asia [RP x SP]| [CS x RP] [CS x SP] 113 16 0.79
Southwest Asia [RP x SP] [CS x SP] 8.3 16 0.93
Africa [RP x CS] [CS x SP] 13.4 18 0.76

2 Middle East [RP x DM] [RP x CS] [CS x DM] 9.07 8 0.34
Central Asia [RP x DM] [RP x CS] [CS x DM] 79 8 0.93
Southwest Asia [RP x DM] [RP x CS] 13.2 12 0.35
Africa [RP x DM] [RP x CS] 12.2 12 0.43

3 Middle East [CS x CD] [CC x CS] [CC x CD] 23.3 20 0.28
Central Asia [CS x CD] [CC x CS] 20.5 24 0.67
Southwest Asia [CC x CS] [CD] 27.4 28 0.49
Africa

4 Middle East [PH x SP] [AB x PH] [SP x PH] 8.3 24 0.99
Central Asia [PH x SP] [AB x SP] 18.8 30 0.94
Southwest Asia [PH x SP] [AB] 27.0 33 0.76
Africa [PH x SP] [AB] 423 39 0.33

5 Middle East [AB x SP] [LB x SP] [AB x SP] 13.8 24 0.95
Central Asia [AB x SP| [LB x SP] [AB x LB] 20.2 24 0.69
Southwest Asia [LB x SP] [AB x LB] 14.6 27 0.97
Africa

6 Middle East [RP x CS] [CC x CS] 19.6 30 0.99

on main stem. Data for populations from 25

Southwest Asia and Africa fit identical models, 20

whereas the model for populations from Nospnes , 4 |

Southwest Asia was different and differed from . MaEycffqtau::Zaw::: Velloworapge corola

the model that fit data for the whole germplasm 10 Egiid

collection. The fifth model involved branch angle
on main stem, spininess and location of branches
on main stem. Log-linear models describing the
data for the whole germplasm collection and for
Central Asian populations were identical except for
one trait. A reduced model (two two-term model)
fit the data for Southwest Asian populations, how-
ever, data for the same traits recorded on African
populations did not fit any model. Finally, a model
with two two-trait combinations (rosette period,
capitulum shape and corolla color) fit the data for
the whole germplasm collection but not for any of
the individual geographical regions.

Correspondence analysis

Each dimension of the correspondence analysis
separated the 11 populations and 12 desirable var-
iants of eight agronomic traits into two groups
(Figure 5). The first dimension accounted for
18.8% of inertia, with an eigenvalue of 0.356, and
separated germplasm from Iran, Syria, Ethiopia

Iran
High seed yield f e ‘i’m
L

abong rosette period

Hign biologicalyigld Syria ALarge capitulum

00 Jordan A P

Red-orange corolla Israpi 4
Turkey

-05 Early raturiy
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Figure 5. Correspondence analysis plot of populations and
desirable variants of agronomic traits in a germplasm
collection of safflower from the Middle East.

and Pakistan, along with desirable variants of five
agronomic traits from the remaining populations
and variants. The second dimension, accounted for
17.3% of inertia with an eigenvalue of 0.295, and
separated germplasm from Afghanistan, Egypt,
Iran, Syria and Jordan, along with eight desirable
variants of agronomic traits from the rest.
Germplasm from Afghanistan, Egypt and Jordan
were associated with four desirable variants of



agronomic traits (no spines, many capitula per
plant, high seed yield and high biological yield per
plant). Germplasm from Iran and Syria were asso-
ciated with four desirable variants of agronomic
traits (yellow—orange corolla color, tall plants,
long rosette period, large capitulum and low hull
percent). Germplasm from Israel and Turkey, and
to a lesser extent germplasm from Morocco and
Sudan, were closely associated with few spines,
red—orange corolla color and early maturity.
Finally, germplasm form Ethiopia and Pakistan
was grouped at a farther distance together with
germplasm from Turkey, Israel, Morocco and
Sudan, and was loosely associated with the same
variants (i.e., few spines, red—orange corolla color
and early maturity).

Distances among regions and among
populations

Genetic diversity (GD) distances (Table 6) based
on frequencies of eight categorical traits (above
diagonal) and SM distances (below diagonal)
based on eight quantitative traits among safflower
populations from 11 Middle Eastern countries
reflect different relationships among germplasm
populations. Mean GD between any two popula-
tions was 0.11, whereas mean SM distance was
6.98. SM pairwise distances separated more popu-
lations from each other than did GD distances. A
higher percentage (45.5%) of SM pairwise distance
was higher than the mean SM distance; the respec-
tive value for GD distances was 36.4%.

The correlation between GD and SM distances
among countries was negative, but not significant (r
= —0.24, P < 0.09). Genetic distances among popu-
lations did not correspond with the geographical
location of their country of origin. On average, the
most distant populations, based on genetic distance
estimates, were those from Jordan, Ethiopia,
Morocco and Sudan, whereas the least distant
were those from Egypt, Pakistan and Israel.
Populations from Egypt and Turkey were closest
(GD = 0.03), whereas populations from Ethiopia
and Turkey were the most distant (GD = 0.52). A
wide range of SM distances were found among
germplasm populations (Table 6, below diagonal).
SM distances ranged from a non-significant 0.3
between populations from Israel and Syria, to 23.0
(P < 0.001) between populations from Iran and
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Egypt. Mean GD distance among and within
regions were 0.126 and 0.102, respectively. The
respective mean SM distances were 8.53 and 5.81.
Populations from Southwest Asia and Africa were
most distant (GD = 0.18), followed by populations
from Central Asia and Africa (GD = 0.109), and
then by populations from Central and Southwest
Asia (GD = 0.088). The respective SM values for
the same pairwise distances were 7.5, 9.2 and 8.9.
Mean GD distances within populations from
Central Asia and Africa were equal (0.09), however,
GD within populations from Southwest Asia (0.12)
was 33% higher. SM distance within populations
from Central Asia (9.2) was more than twice the
SM distances within populations from Southwest
Asia (SM = 4.2), and from Africa (SM = 4.02).

Discriminant analysis among regions

Discriminating power of five phenotypic traits
(rosette period, leaf shape, branch angle, number
of capitula per plant and biological yield per plant)
was strong enough to differentiate among popula-
tions from the three geographical regions in the
Middle East. Based on partial Wilk’s lambda (),
biological yield contributed most to the overall dis-
crimination (A = 0.88), followed by number of capi-
tula per plant (A = 0.97), and then by the remaining
three traits (A = 0.98). Slightly more than half
(52.9%) the accessions from the three geographical
regions were correctly classified based on discrimi-
nant analysis between regions using all 16 traits;
however, a higher percentage (81.3%) of Central
Asian accessions was correctly classified, followed
by accessions from Southwest Asia (46.8%). Less
than one-third (30.7%) of accessions from Africa
was correctly classified (Figure 6).

Discriminant analysis among populations

Ten phenotypic traits were powerful enough to
discriminate among countries of origin; four of
these traits (rosette period, branch angle, number
of capitula per plant and biological yield per plant)
contributed to the discrimination among regions.
Biological yield per plant contributed most to the
discrimination among countries (A = 0.72). The
remaining nine traits were grouped, based on
the magnitude of their A values, into four groups.
The first group consisted of capitulum diameter
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Figure 6. Canonical discriminant analysis and relative distances
plot of three geographical regions and 11 countries of origin,
and percent correct classification of a safflower germplasm
collection from the Middle East.

with A = 0.89. The second group consisted of plant
height, branch angle and seed yield per plant (A =
0.92). The third group consisted of rosette period
and spininess (A = 0.95). The fourth, and last
group, consisted of days to maturity, leaf margin
and number of capitula per plant (A = 0.98).
Percent correct classification (Figure 6) of acces-
sions from each of the 11 countries in the Middle
East ranged from a low of 0.0 for Moroccan germ-
plasm to a high of 69.6 for Iranian germplasm.
Most African (~70%) and almost half of
Southwest Asian (~53%) germplasm were misclas-
sified as being from Central Asia, with Iran,
Afghanistan and Pakistan, in decreasing order,
implied as the country of origin of the misclassified
accessions.

Selected germplasm

A multitrait selection procedure resulted in identi-
fying 87 accessions (14.7% of total germplasm
collection) with higher biological (45%) and seed
yield (23.9%), taller plants (4.5%), higher number
of capitula per plant (4.6%) and lower hull percent
(4.8%) as compared with the whole germplasm col-
lection (Table 7). Populations from Central Asian,
Southwest Asian and African countries contributed
11, 40 and 36 accessions to the selected germplasm,
respectively. Egyptian germplasm exhibited the
highest frequency (35.63%) for the desirable trait
combinations, followed by germplasm from Israel
(19.54%), Turkey (11.49%) and Iran (10.34%).
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Another selection procedure was carried out to
identify germplasm accessions with long rosette
period. We identified 76 accessions (12.86% of
total collection) with longer rosette period
(28.0%), higher number of capitula per plant
(15.0%), higher biological yield (14.0%) and
slightly higher days to maturity (5.0%) than the
whole germplasm collection. Populations from
Central and Southwest Asian countries contributed
the highest number of accessions (36 and 30, respec-
tively), whereas, a small number (10 accessions)
were contributed by populations from African
countries. Germplasm from Iran (21 accessions),
Turkey (18 accessions) and Pakistan (11 accessions)
contributed most (65.8%) accessions in this subset.
Finally, we combined both selection criteria and
were able to identify five accessions (one from each
of Israel, Jordan and Turkey, and two from Syria)
having desirable variants of both sets of traits.

Discussion

During its process of domestication, cultivated saf-
flower was dispersed beyond its center of origin
and was compelled to adapt to different ecological
conditions (Harlan 1992). Adaptation of the spe-
cies to the wide spatial and temporal variation in
the Old World resulted in a multitude of morpho-
logical and physiological ecotypes (Knowles (1989)
and in enormous amount of local variation of the
domesticated crop (Li and Miindel 1996). The high
levels of highly variable phenotypic diversity
indices (coefficients of variation ranged from 33%
to 47%) among regions (mean and standard devia-
tion / = 0.81 £+ 0.27)) and among populations (/
ranged from 0.56 to 0.78) detected in safflower
germplasm from the Middle East indicate the pre-
sence of reasonably balanced frequency classes for
individual traits, and a high level of genetic diver-
sity (Polignano et al. 1999).

Estimates of total “functional genetic diversity”
(based on morphological traits deliberately selected
by farmers) and its components are in line with
values cited for other (Hernandez-Verdugo et al.
2001; Upadhyaya 2003) landraces of domesticated
crops. Our results indicate that 79% and 21% of
total diversity were partitioned within and among
populations, respectively. Although a relatively
high Ggr estimate was found for the whole
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Table 7. Frequency of germplasm accessions selected.

High biological
(>63.6 g/plant) and

Long rosette

seed yield (>29.3 g/plant)® period (>17.9 days)® Combined
selections

Region Country Number Frequency Number Frequency Number®
Central Asia Afghanistan 1 1.15 4 5.26

Iran 9 10.34 21 27.63

Pakistan 1 1.15 11 14.47

Subtotal 11 12.64 36 47.37
Southwest Asia Israel 17 19.54 5 6.58 1

Jordan 6 6.90 1 1.32 1

Syria 7 8.05 6 7.89 2

Turkey 10 11.49 18 23.68 1

Subtotal 40 45.98 30 39.47 5
Africa Egypt 31 35.63 7 9.21

Ethiopia 1 1.15 2 2.63

Morocco 0.0 0.0 1 1.32

Sudan 4 4.60 0. 0.0

Subtotal 36 41.38 10 13.16
Middle East Number of accessions 87 76 5

“High biological and seed yield.
Long rosette period.
“Both sets of traits combined.

germplasm collection (0.21), regional values were
relatively smaller (0.07 to 0.10); however, three
populations (Afghanistan, Jordan and Israel) dis-
played relatively high levels of population differen-
tiation, whereas germplasm from Turkey and Syria
partitioned most (~90%) of their diversity within
populations. The large differences in the level of
population differentiation among populations
across the Middle East may reflect different
histories of these populations and the consequent
different allocation of genetic variation among
and within populations (Lahane et al. 1999;
Hernandez-Verdugo et al. 2001). The exceptionally
high within population variation in this germplasm
collection is expected to be maintained or even
maximized by a combination of genetic, environ-
mental (Patel et al. 1994) and management factors
(Assefa et al. 1999) across its geographical region
of adaptation.

Patterns of variation

The highly variable phenotypic structures in
Middle Eastern safflower populations found in
this study reflect their long-term response to strong
spatial and temporal selective pressure (Ashri 1971;
Abebe and Bjornstad 1996) and to farmers’

deliberate targeted selection of preferred pheno-
types (vom Brocke et al. 2003), thus leading to
changes in their morphology and genetic struc-
tures. Changes in morphology are more perceptible
in plant parts which are of human interest (Patel
et al. 1989; Johnson et al. 2001) such as plant size,
spininess, corolla color and capitulum shape, all of
which displayed high levels of phenotypic poly-
morphism within and among populations.
Likewise, high phenotypic and genetic variation
was observed for seed yield and number of capitula
per plant in safflower germplasm from Pakistan
(Chowdhury et al. 1999) and for number of seed
per plant, plant height and corolla color in germ-
plasm from Iran (Bagheri et al. 2001).

Variation among agronomic traits

Morphological variation in safflower (Knowles
1969) and other domesticated crops (Rabbani
et al. 1998; Upadhyaya 2003) of the Old World is
the result of the combined natural and farmers’
selection for certain phenotypes adapted to the pre-
vailing climatic and edaphic conditions throughout
the species’ adaptation range. It can be postulated
(e.g., Abebe and Bjornstad 1996; Alemayehu
and Becker 2002) that selection pressure under



domestication in safflower and other crop species
could have been similar in different geographical
regions, and resulted in larger within population
diversity compared to diversity across regions.
Plant height, being strongly associated with flow-
ering (Johnson et al. 2001) and with days to matur-
ity, post-anthesis period and anthocyanin (Kotecha
1979) was highly variable (/= 0.92) and ranged from
28 to 135 cm. There were significant differences
among variants of plant height (i.e., short, medium
and tall) in rosette period and days to maturity.
However, plant height as a quantitative trait varied
tremendously among variants of eight qualitative
traits (Table 2), including four traits reported by
Kotecha (1979) and by Johnson et al. (2001).
Branch angle, number and location of branches
on main stem, and spininess displayed high levels
of variability in this germplasm collection. If desir-
able variants of these traits are combined in one
genotype, they could result in higher biological and
seed yield provided dense stand can be maintained
with high number of capitula per unit area (Lahane
et al. 1999). High broad sense heritability was
reported for number of branches per plant
(Kavani et al. 2000) which is controlled by additive
gene action (Ashri 1971). Ashri (1971) and
Senapati et al. (1999) concluded that capitula per
plant is the most important yield component; it
appeared to be controlled by four groups of genes
in a 10-parent incomplete diallel cross, with mainly
non-additive gene action. Although high broad
sense heritability was reported for capitula per
plant, it is influenced by field management and
environment (Kavani et al. 2000). Variation in
number of capitula per plant accounted for about
40% of total variation in seed yield, except for
African germplasm (R> = 0.34). It was influenced
by variants of six categorical traits (rosette period,
branch angle, leaf shape, spininess, capitulum dia-
meter and hull percent), and variants with low,
medium and high number of capitula per plant
differed significantly in days to maturity (Table 3).
Sources of earliness or lateness were identified in
germplasm from the same country of origin
throughout the Middle East (Tables 3 and 4).
Early maturing genotypes would compete well
with other crops such as wheat and would permit
double cropping and production of safflower
on marginal lands. The wide range in days to
maturity (108—139) offers great flexibility for the
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development of new varieties suitable for various
agroecological zones and cropping systems (Assefa
et al. 1999).

Duration of rosette period although genetically
controlled (Kotecha 1979), is subjected to environ-
mental factors, mainly temperature and daylength.
The daylength- and temperature-insensitive acces-
sions, identified earlier (Li and Miindel 1996) in
germplasm from the Middle East, have a high
potential for wide geographic adaptation. A high
level of phenotypic diversity (I = 0.84) was found
for rosette period (range 10-27 days), especially in
germplasm from Syria (frequency of long rosette
period = 33%) where florets are used for food
coloring and as a source of vegetable dye. All cor-
olla colors were represented in this germplasm col-
lection (/ = 1.0) and accessions with different
corolla colors differed in days to maturity, plant
height and capitulum diameter (Table 3). However,
in search for specific corolla color types, it was
possible to identify (Bradley et al. 1999) only four
accessions from Iran with the yellow corolla color
variant in the ornamental type of the world saf-
flower collection. Accessions with high frequency
(>50%) of spineless plants were found in germ-
plasm from Afghanistan, Pakistan, and in germ-
plasm from all four African countries. Spines are
considered a handicap especially where manual
harvest is involved (Chaudhry 1986; Li and
Miindel 1996). Spinelessness is also an important
phenotypic trait for the development of fresh-cut
and dried flowers (Uher 1997).

Sources of reduced hull (minimum of 25%) were
identified, in decreasing order, in safflower germ-
plasm from Syria, Sudan and Jordan. High fre-
quency of low hull percent variants in Syrian,
Sudanese and Jordanian germplasm was associated
with spineless plants, fewer capitula per plant and
high biological yield. Variation in this trait was
powerful enough to differentiate among regions
and populations (Table 3). Well-developed hulls
usually result in lower seed oil content. Accessions
with reduced hull percentage (<30%) may produce
higher oil (i.e., >50%) (Urie 1986).

Association among traits
Multivariate analyses when applied to the quanti-

tative and qualitative traits at the population,
regional or Middle Eastern levels, were successful
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in identifying pronounced non-random associa-
tions among sets of traits at each level. However,
not all traits, as was the case for Brassica juncea L.
(Rabbani et al. 1998), Eragrostis tef (Assefa et al.
1999) and chickpea (Upadhyaya 2003) contributed
substantially to the apparent variation in safflower
germplasm from the Middle East. Number of capi-
tula per plant contributed the most, whereas hull
percent contributed the least to the variation in the
whole collection and in germplasm from each of
the three geographical regions.

The existence of broad morphological and phe-
notypic diversity in this germplasm collection is
further substantiated by PC analyses. A minimum
of four PCs (50% of the number of quantitative
traits in the study) were required to explain about
80% of total variation, with only about 44% of
total variation being explained by the first two PCs.
Similar results were reported for E. tef from
Ethiopia (Assefa et al. 1999) and a world germ-
plasm collection of chickpea (Cicer arietinum)
(Upadhyaya 2003). The different patterns of varia-
tion, as elucidated by PC analyses were also sup-
ported by the highly significant correlation
coefficients among traits (Alemayehu and Becker
2002), and by the traits’ variable loadings (Patel
et al. 1989) on the first two PCs. Moreover, the
standard two-way contingency chi-square method
and log-linear models were successful in elucidating
the organization of categorical traits and indicated
that safflower has developed specific first- and
second-order associations among phenotypic traits
during its long history throughout the Middle East.

Genetic and phenotypic distances

Results of uni- and multi-variate analyses suggest
that germplasm from Southwest Asia, the center of
origin and a primary center of diversity, was most
distant from Central Asian germplasm, thus con-
firming earlier findings based on a core collection
(Johnson et al. 2001). However, contrary to earlier
findings (Johnson et al. 2001) African germplasm
was found to be more closely related to the
Southwest Asian germplasm; this discrepancy
could be attributed to a larger number of acces-
sions (19.6%) and number of traits in this study as
compared to the study by Johnson et al. (2001).
Nevertheless, GD and SM distances (Table 6) sug-
gest the presence of highly complex relationships

among populations, both within and among
regions.

Discrimination among regions and populations

Results of discriminant analyses among regions
and populations suggest that the a priori assign-
ment of populations to geographical regions or to
countries within these regions did not correspond
strictly with the phenotypic groupings. This could
be attributed to historic (Ladizinsky 1998) or
recent (Polignano et al. 1999) and intensive formal
or informal germplasm exchange among farmers or
users of germplasm that may have overlapped the
previous diversity distribution patterns.

The loose association between morphological
traits and geographical origin of germplasm acces-
sion supports earlier findings (Patel et al. 1989;
Khan et al. 2003) and suggests that geographical
isolation is not the only factor causing genetic
diversity in safflower. However, genetic drift and
natural selection forces under diverse environmen-
tal conditions within a country could cause con-
siderable diversity as reported by Rabbani et al.
(1998) for landrace B. juncea L. in Pakistan and by
Assefa et al. (1999) for landrace E. tef in Ethiopia.

Conclusions

A germplasm collection of safflower from 11 coun-
tries in three geographical regions of the Middle
East proved to be highly diverse for 16 quantitative
and qualitative traits of agronomic value to bree-
ders and end-users. The collection provides a large
amount of variation for traits to contribute toward
suitable plant morphology and canopy structure to
breed new cultivars well adapted to different grow-
ing conditions, especially in the Persian Gulf.
Although our results indicate that the geographical
regions have played a crucial role in the species
evolution process under domestication, the a priori
classification of the countries of origin according to
their geographical region does not strictly corre-
spond to the phenotypic groupings of origin. This
is probably the result of a recent and intensive
germplasm exchange among germplasm users that
may have overlapped the previous diversity distri-
bution pattern of the domesticated species. A small
number of accessions with a combination of



desirable traits for high biological and seed yield,
or for floret production, were identified (Table 7),
mostly in germplasm from Southwest Asia, the
center of origin and a major center of diversity of
safflower. It is expected that these accessions will
contribute toward sustainable seed, forage and dye
production under the hot climate and short grow-
ing season of the Persian Gulf.
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